The formation of C-C bonds in an enantioselective fashion to create complex polycyclic scaffolds in the hapalindole/fischerindole type alkaloids from Stigonematales cyanobacteria represents a compelling and urgent challenge in adapting microbial biosynthesis as a catalytic platform in drug development. Here we determine the biochemical basis for tri-and tetracyclic core formation in these secondary metabolites, involving a new class of cyclases that catalyze a complex cyclization cascade.
highly stereoselective intramolecular ring formation, creating four new chiral centers via a Cope rearrangement and C-C bond forming cascade, the mechanism of which was recently described. 11 Hapalindoles and the related ambiguines, fischerindoles, and welwitindolinones are bioactive indole alkaloids from cyanobacteria that have attracted substantial attention because of their unique pharmacological profiles and complex chiral structures. 12, 13 The most notable structural feature of this family is their stereo-and regiochemically diverse polycyclic ring system ( Figure 1) . We recently disclosed a novel pathway intermediate (3, Figure 1a ), which completely revised the prevailing hypotheses about the formation of this complex heterocyclic core. 11 Instead of a cationic catalysis that directly forms hapalindoles ( Figure 1b, 4-7 ) from cis-indole isonitrile (1) and geranylpyrophosphate (GPP, 2), the action of an aromatic prenyltransferase (FamD2) appends 2 onto the C3 position of 1, and the resulting product (3) is subsequently processed into a hapalindole (4) via a Cope rearrangement and intramolecular ring cyclization catalyzed by FamC1. 11 However, these initial results prompted two intriguing questions: what explains the regioselective C-ring divergence between hapalindoles and fischerindoles; and what sets the chirality of the C-10, C-11, C-12, and C-15 stereocenters?
We originally identified Stig cyclase FamC1 through cell-free lysate fractionation and demonstrated its direct role in formation of 12-epi-hapalindole U (4). 11 However, in vitro assays with purified protein were hampered by the apparent inability to heterologously express FamC1 in Escherichia coli. Through protein sequence analysis, an N-terminal 23 amino acid region was predicted to be a transmembrane segment, which we reasoned led to the failed expression. Mass spectrometry analysis of the isolated functional enzyme showed a mass that exactly matched the protein lacking the predicted transmembrane sequence (Supplementary Results, Supplementary Fig. 1 ). This result indicated that a posttranslational modification is required to form the mature cyclase. Thus, by cloning the corresponding truncated gene, we successfully overexpressed FamC1 in E. coli as a soluble protein and confirmed its ability to convert intermediate 3 into 4 in vitro (Figure 1a ).
12-epi-Hapalindole U is an unexpected new metabolite bearing a pattern of stereocenters (C-10S/11R/12S/15S) that had not been reported from UTEX 1903 cyanobacterium, suggesting that our knowledge of the full spectrum of natural products generated by this strain is likely incomplete. This discovery inspired us to search for this metabolite in other biosynthetic pathways based on previously characterized compounds and the presence of FamC1 homologs. Thus, genome sequencing and bioinformatic analysis of hapalindoleproducing cyanobacteria led us to identify several gene clusters (Figure 2 ), including the fil gene cluster from Fischerella sp. IL-199-3-1 (ref. 15 ) and the hpi gene cluster from Fischerella sp. ATCC 43239 19 . Protein sequence analysis of the nine annotated Stig cyclases (FilC1-FilC4 and HpiC1-HpiC5) against FamC1 resulted in identification of two FamC1 homologs, FilC1 (94% identity) from IL 199-3-1, and HpiC1 (85% identity) from ATCC 43239 ( Supplementary Fig. 2 ). To verify our hypothesis that FilC1 and HpiC1 catalyze formation of the same product as FamC1, we overexpressed and purified these two proteins from E. coli using the strategy of transmembrane-segment truncation to achieve in vitro activity. Both of these FamC1 homologs exhibited the ability to cyclize 3 to 4 ( Figure 3a ; see Supplementary Fig. 3 for the structure of 10), indicating that proteins of this subclass are responsible for catalyzing formation of a hapalindole-type tetracyclic core containing the C-10S/11R/12S/15S stereocenter motif.
One of the most intriguing questions regarding construction of the broader family of hapalindole core structures is the basis for regiospecific C-ring formation in hapalindoles (4, C-3/4) and fischerindoles (8, C-3/2). Our studies on 12-epi-hapalindole U suggested a novel mechanism involving a concerted FamC1-catalyzed cyclization to afford the tetracyclic hapalindoles. However, it remained unclear whether a similar type of concerted mechanism was employed to generate the fischerindole core, and if tricyclic hapalindoles could serve as active intermediates toward formation of the tetracyclic cores. Thus, we expanded our analysis to include two fischerindole producing strains, Fischerella muscicola UTEX 1829 (ref. 17) and Fischerella sp. SAG 46.79 (Fig. 2) 20 . The genomic DNA of UTEX 1829 was sequenced and mined for the fischerindole biosynthetic gene cluster (fim), revealing a 39 kb region encoding 31 predicted proteins, including five hypothetical Stig cyclases (FimC1-FimC5). The fis gene cluster from strain SAG 46.79 is split into a 22 kb region encoding 18 proteins and a 5.3 kb region encoding five proteins, with only one open reading frame annotated as a cyclase (FisC).
Our ability to predict the activity of FilC1 and HpiC1 through comparative sequence analysis suggested that the same strategy could be applied to identify the Stig cyclases responsible for fischerindole formation. Thus, all putative cyclase amino acid sequences in our study were compared and classified into subgroups according to their identities. FimC1 to FimC4 showed relatively high identities (>90%) with FamC1 to FamC4, respectively, and were classified into the same subgroups. FimC5 and FisC were 90% identical and displayed relatively low similarity to any FamC subgroup (Supplementary Data Set). These results led us to hypothesize that FimC5 and FisC are responsible for fischerindole formation, and may generate the same stereochemical pattern at the four chiral centers. Thus, the two heterologously expressed and purified proteins were separately incubated with chemoenzymatically generated 3 for activity analysis, and two new compounds were observed from both reactions (Figure 3b ). NMR analysis revealed these two proteins catalyzed formation of the same molecules: the major product was 12-epi-fischerindole U (9, C-10S/11R/12S/15S), and the minor one 12-epi-hapalindole C (7), a tricyclic hapalindole possessing the same stereochemistry as 9 (Supplementary Note). 7 also failed to convert to 9 upon incubation with FimC5 or FisC, indicating that it is a shunt metabolite and cannot reenter the catalytic cycle to form fischerindoles.
Our studies conclusively demonstrated that 3 is the common intermediate to all hapalindole and fischerindole type core ring systems. However, the functional basis of stereodiversification at positions C-10/11/12/15 by the suite of homologous Stig cyclases remained unclear. We hypothesized that each cyclase subgroup is responsible for a specific stereochemistry observed in the core ring system. In support of this reasoning, we were able to isolate hapalindole H (5, C-10R/11R/12R/15R) as an additional product from the cell-free lysate reaction of 1 with 2 ( Figure 3c ), a compound with a different stereochemical configuration from previously isolated 4. 11, 21 Thus, we sought to use the FamC cyclases as a model to explore the basis for stereochemical control in these indole alkaloids.
In order to probe the hypothesis that the alternative cyclases control the relative stereochemical configurations observed amongst the variant hapalindole metabolites, the three additional FamC proteins (FamC2-FamC4) were overexpressed in E. coli and purified. Surprisingly, in vitro assays with FamC2 and FamC3 individually failed to generate any product (Figure 3c ). However, testing of the proteins in pairs revealed that co-incubating FamC2 and FamC3 in a 1:1 ratio resulted in efficient formation of hapalindole H. We also observed that mixing the two proteins helped solubilize FamC2, which precipitated partially when purified as a homogeneous protein. Because size exclusion chromatography showed that the other FamC homologs were active as homodimers, it is reasonable to suggest that the association between FamC2 and FamC3 may involve heterodimer formation ( Supplementary Fig. 4 ). [22] [23] [24] This hypothesis was tested using a Ni-NTA pull-down assay in which untagged FamC2 co-purified with His-tagged FamC3. After further purification using size-exclusion chromatography, this complex was shown to generate 5. Thus, we propose that the hapalindole biosynthetic machinery may engage various homo-and heterodimeric forms of the cyclase monomers to control the stereo-and regiochemical outcomes of the indole alkaloid metabolites. This hypothesis could address the apparent conflict that different stereochemical patterns in the ambiguine/fischerindole metabolites are produced between UTEX 1903 and UTEX 1829 despite the high sequence identity between the FamC1-FamC4 and FimC1-FimC4 Stig cyclases ( Supplementary Figs. 2 and 5 ), a factor we now attribute to expanded cyclase scope through differential dimer formation.
In summary, in vitro reconstitution of the functional activities of this new class of indole alkaloid cyclases provides conclusive evidence that they are responsible for ring formation and stereochemical control in the biosynthesis of hapalindoles and fischerindoles. We identified and characterized the function of several Stig cyclases from five hapalindoleproducing cyanobacterial strains, including three novel gene clusters. This work demonstrates that the FamC1/FilC1/HpiC1 class catalyzes formation of 12-epi-hapalindole U (4) and FimC1/FisC directly produces 12-epi-fischerindole U (9), while hapalindole H (5) is assembled by a heterodimeric combination of FamC2 and FamC3. Moreover, tricyclic hapalindole 7 was not transformed into fischerindole 9, suggesting that tricyclic compounds are shunt products and not intermediates on the pathway to tetracycle formation. These data provide a plausible basis for enzymatic regio-and stereoselective ring formation, which is controlled by the related Stig-type cyclases acting on central bicyclic precursor 3. Importantly, the protein-protein interactions between FamC2 and FamC3 suggest that some functional cyclases are comprised of more than one protein in order to create the variant stereo-and regiochemical motifs observed within this large class of indole alkaloids. Further efforts involving protein structural studies to probe directly the mechanism of these remarkable biocatalysts are underway.
Online Methods

General Materials and Methods
All NMR spectra were acquired on Varian 400, 600 and 700 MHz spectrometers. Proton and carbon signals are reported in parts per million (δ) using residual solvent signals as an internal standard. The LCMS analysis was performed on a Shimadzu 2010 EV APCI spectrometer equipped with an Agilent Extend-C18 5 µm 4.6 × 150 mm column, using a mobile phase gradient of 70-90% acetonitrile in water over 22 min and was monitored by UV absorption at 220 nm. Preparative-scale HPLC was performed using an Agilent Extend-C18 10 µm 10 × 250 mm column, using a mobile phase gradient of 70-90% acetonitrile in water over 28 min. High-resolution APCIMS spectra and protein mass spectrometry sequence analysis were obtained from an Agilent 6520 Q-TOF mass spectrometer equipped with an Agilent 1290 HPLC system at the University of Michigan core facility in the Department of Chemistry, with MS grade solvents. Optical rotations were measured in CH 2 Cl 2 at 25 °C at the sodium D line.
Escherichia coli strain DH5α (Invitrogen) was used for plasmid manipulation, BL21(DE3/ pRARE) was used for protein expression. KOD Xtreme Hot Start DNA polymerase (EMD Millipore) was used for polymerase chain reactions. Restriction endonucleases (NheI, XhoI, NdeI and HindIII) and T4 DNA ligase were purchased from New England BioLabs. Primers were purchased from Integrated DNA Technologies. PureLink Quick Plasmid Miniprep Kit (Invitrogen) was used to prepare plasmid DNA. All cloned plasmids were confirmed by Sanger sequencing at the University of Michigan DNA Sequencing Core. Isopropyl-Dthiogalactopyranoside (IPTG, GoldBio) was used to induce expression; benzonase and lysozyme used in purification were purchased from Sigma-Aldrich; phenylmethane sulfonyl fluoride (PMSF) was dissolved in isopropanol and used as serine protease inhibitor during protein purification. Ni-NTA agarose from Invitrogen was used to purify 6×His-tag proteins. LB broth and agar (EMD Millipore) were used for all E. coli culturing. Illinois at Chicago). The cyanobacterial culturing, genomic DNA isolation, and whole genome sequencing of these strains followed the established protocols. 11
Protein constructs
Vector pET28a (NdeI and HindIII sites) was used to construct the FamD2 expression system. Vector pET28a (NheI and XhoI sites) was used for the cloning of all seven cyclases. The famD2 gene was amplified from UTEX 1903 genomic DNA, filC1 from IL-199-3-1 genomic DNA, and fisC from SAG 46.79 genomic DNA. For the other five cyclase genes, famC1/famC2/famC3 (UTEX 1903), hpiC5 (ATCC 43239), and fimC5 (UTEX 1829), the DNA sequences used for cloning were purchased from Integrated DNA Technologies (IDT) after rare codon optimized because of low expression levels in E. coli using the native DNA sequence. All primers used are listed in Supplementary Table 1 .
Protein expression and purification
Positive plasmids from gene cloning were transformed into electro-competent BL21 (DE3/ pRARE) E. coli cells. A single colony was picked and inoculated into LB medium (10 mL, 50 µg/mL kanamycin), shaken overnight at 37 °C (200 rpm), and used to inoculate a 2.8 L Fernbach flask containing pre-warmed LB medium (1 L, 50 µg/mL kanamycin). After incubation (37 °C, 200 rpm) to an optical density of 0.6, the culture was cooled to 16 °C. IPTG was added to a final concentration of 0.2 mM. After overnight incubation (16 °C, 200 rpm), the cells were centrifuged (6,000 × g, 4 °C, 15 min). The following procedures were performed at 4 °C in a temperature controlled room. The cell pellets were re-suspended in 20 mL of lysis buffer (10 mM HEPES, 50 mM NaCl, 20 mM imidazole, 0.2 mM TCEP, 10% glycerol), containing 1 mM PMSF, 0.5 mg/mL of lysozyme, and 1 µL of benzonase. The mixture was incubated for 30 min and sonicated on ice for 2 min using 10 s pulses followed by a 50 s pause. The sample was centrifuged (60,000 × g, 4 °C, 35 min) to remove cellular debris, and the supernatant was loaded onto Ni-NTA agarose prewashed with lysis buffer and loaded by gravity. The column was washed with buffer (10 mM HEPES, 300 mM NaCl, 0.2 mM TCEP, 10% glycerol, 20 mM imidazole) to remove unbound proteins, followed by 10 mL of elution buffer (10 mM HEPES, 50 mM NaCl, 0.2 mM TCEP, 10% glycerol, 300 mM imidazole) to elute the desired protein. The protein-containing fractions were combined and desalted using a PD10-desalting column (GE Healthcare) preequilibrated with storage buffer (10 mM HEPES, 50 mM NaCl, 0.2 mM TCEP, 10% glycerol). The purified protein was analyzed by SDS-PAGE gel for homogeneity, assessed by Nanodrop (Company) for concentration using calculated molar extinction coefficients, flash-frozen in liquid nitrogen, and stored at -80 °C.
In vitro enzymatic assays
The synthesis of indole isonitrile (1) was described previously 11 , GPP (2) was purchased from supplier Isoprenoids.com (purity > 95%). The activity assays for cyclases (FamC1/ FilC1/HpiC1/FimC5/FisC/FamC2/FamC3) were initially conducted by incubating them with pure intermediate 3, which was produced by incubating FamD2 with substrates 1 and 2 at pH 10.5. 11 However, compound 3 was not stable in extended storage. Thus, the reactions were set up in one-pot by incubating substrates 1 and 2 with enzyme cascades (FamD2 and the selected cyclase(s)), which also resulted in the generation of byproduct 10 ( Supplementary Fig. 1 ) 11 . The general protocol for enzymatic reactions is as follows. A 50 µL reaction containing 5 µM of FamD2, 10 µM of cyclase(s) or 1 mg/mL of cell-free lysate, 11 1 mM of 1, 1 mM of 2, 5 mM of MgCl 2 , and 50 mM of Tris buffer (pH 7.8) was incubated at 37 °C. The reaction was quenched after 5 h and extracted three times with an equal volume of ethyl acetate. The organic layers were combined, dried, and re-dissolved in 100 µL of acetonitrile for LCMS analysis. The same conditions were used to test the activity of FamC2 and FamC3 in combination by mixing 10 µM of each protein with FamD2. Fresh FamC2 was used for in vitro assay because of precipitation during the freeze-thawing process. For the conversion assay between 12-epi-hapalindole C (7) and 12-epi-fischerindole U (9), compound 7 was purified by HPLC from the reaction with FimC5, and dissolved in DMSO. 0.5 mM of 7 was incubated at 37 °C with 15 µM FimC5 or FisC in 50 mM Tris buffer (pH 7.8). The reactions were quenched and analyzed as described above.
For structure analysis of enzymatic products (4/5/7/9), the reactions were scaled up to 5 mL and incubated under identical conditions. The extracted products were purified by HPLC (See section General Materials and Methods), then concentrated, dissolved in C 6 D 6 , CDCl 3 , or CD 2 Cl 2 , and analyzed by NMR (Supplementary Fig. 6, Supplementary Tables 6,7 , and Supplementary Note). The spectra of known compounds 5, 7, and 9 were identical to those previously reported. 18, 25 
Data availability
The nucleotide sequence of the gene clusters were deposited to NCBI GenBank under the following accession numbers: KX451322 for UTEX 1903 (fam), KY026488 for IL-199-3-1 (fil), KY026487 for UTEX 1829 (fim), KY026489 for SAG 46.79 (fis). All other data generated or analyzed during this study are included in this published article (and its supplementary information files) or are available from the corresponding author on reasonable request.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Assays were conducted in a one-pot enzymatic tandem reaction by incubating substrates indole isonitrile (1) and GPP (2) with FamD2 and the selected cyclases. a) Proteins producing 12-epi-hapalindole U (4); b) protein producing 12-epi-fischerindole U (9) and 12-epi-hapalindole C (7); c) proteins producing hapalindole H (5); cell-free lysate is from UTEX 1903 strain 11 ; d) summary of enzymatic hapalindole/fischerindole production determined in this study (see Supplementary Fig. 3 for the structure of 10).
